The synthesis of ilv-specific messenger ribonucleic acid (mRNA) by extracts of Escherichia coli K-12 has been demonstrated in a deoxyribonucleic acid (DNA)-dependent, coupled transcription-translation system. ilv-Specific mRNA was determined by hybridization either to double-stranded AcI857St68h80dilv DNA (Ah8Odilv DNA) immobilized on nitrocellulose filters or to its separate and r strands in liquid. During conditions optimal for protein synthesis, slightly more than 6% of the total [3H]RNA synthesized by S-30 extracts of the threonine deaminase-negative strain CU5136 was ilv-specific. Of this RNA, nearly 30% was complementary to the 1 (correct) strand. Total ilv-specific mRNA synthesis in vitro was not affected by omission of valine or all 20 amino acids from the reaction mixture. Hybridization of ilv-specific mRNA made in vitro to the strand of Xh80dilv DNA was effectively reduced in the presence of unlabeled RNA extracted from an ilv derepressed strain but not from an ilv deletion strain. In a purified transcription system, employing commercial RNA polymerase, twofold more ilv-specific mRNA was synthesized than in the coupled system, but this increase was entirely due to greater transcription of thie r (incorrect) strand. An S-30 extract prepared from a strain isogenic to strain CU5136 but derepressed for ilvA gene expression synthesized twofold more ilv-specific mRNA in the coupled system. The significance of these findings is discussed.
The recent technical advances to permit the isolation of specialized transducing bacteriophages of X (17) or 080 (11) carrying a variety of bacterial genes and even entire operons has greatly facilitated investigation of molecular mechanisms of cellular regulatory processes. Since the deoxyribonucleic acid (DNA) extracted from such bacteriophages is greatly enriched for the specific gene(s) in question, it provides a convenient template for in vitro messenger ribonucleic acid (mRNA) and protein synthesis. The development of such macromolecular synthesizing systems has been instrumental in the elucidation of molecular control mechanisms of the lac (5, 6), gal (22, 24, 34) , ara (12, 35, 38) , trp (21, 27, 28, 36) , his (3) and arg (31) operons of Escherichia coli.
The availability of the bacteriophage XcI857St68h8Odilv (Xh8Odilv) (2) containing the entire ilv gene cluster has enabled us to develop a DNA-directed, in vitro ilv-specific mRNA transcription system. This report describes some general properties of the coupled transcription-translation system and how it may serve to define the complex nature of multivalent regulation of branched-chain amino acid biosynthesis in E. coli. (For a review of ilv regulation in E. coli see reference 30.) MATERIALS AND METHODS Bacterial strains. The bacterial stains used in this study are all derivatives of E. coli K-12 and are listed in Table 1 .
Preparation of S-30 extracts. The composition of the growth medium was essentially that as described by Zubay et al. (37) and included (per liter of distilled water): KH2PO,, 5.6 g; K2HPO4, 28.9 g; yeast extract (Difco), 10 g; thiamine-hydrochloride, 10 mg. After sterilization, 40 ml of 25% glucose was added to the medium. L-isoleucine was added to 1 mM when extracts of strain CU5136 were prepared. A 1-liter inoculum was prepared by first growing bacteria overnight at 30 C in the above medium. In the morning, each of three 2-liter flasks containing 1-liter of medium was inoculated with 50 to 100 ml of culture to result in an initial absorbance at 660 nm (A*,O) of 0.25 to 0.55. The flasks were then incubated at 28 C with vigorous shaking until the A.,,, reached 2.2 to 2.6 (late log phase). At that time, the cells were chilled rapidly in an ice bath and harvested in a GSA rotor of a Sorvall RC-2 refrigerated centrifuge. The resulting cell pellets were washed twice with 100 ml of cold 14 mM magnesium acetate, 60 mM potassium acetate, and 0.1 mM dithiothreitol. The cells were resuspended in buffer A (1 ml per g [wet weight] of cells) and stored frozen at -90 C until used. After thawing at room temperature, phenylmethylsulfonylfluoride was added to a final concentration of 100 ug/ml. The suspension was passed through a chilled French pressure cell twice at 6,000 to 9,000 lb/in2 and additional dithiothreitol was added (1 Amol/ml of extract). The extract was centrifuged at 30,000 x g for 30 min, and the resulting supernatant fraction was recentrifuged as before. The supernatant fluid (S-30 extract) from the second centrifugation was preincubated as described (13) and then dialyzed for approximately 18 h against several changes of buffer A. The S-30 extract was adjusted to a protein concentration of 21.66 mg of protein per ml with buffer A and was quickly frozen in 0.5-ml portions by immersion in liquid nitrogen. The S-30 extracts were stored at -90 C and were thawed just prior to use. Preparation of bacteriophage and extraction of DNA. Both strains CSH43 and MI199 were conveniently grown in a 250-liter New Brunswick Fermacell fermentor containing 100 liters of medium, by the procedure of Vonder Haar and Umbarger (32) . After harvesting, the resulting cell paste (120 to 140 g [wet weight]) was kept frozen at -90 C. Storage at this temperature seemed to allow for more consistent yields of bacteriophage upon extraction than did storage at -20 C. Bacteriophage were extracted from frozen cells by treatment with CHClI and purification through CsCl block and equilibrium gradients (32) . Xh8Odilv DNA and XcI857St68h80 DNA (Xh8ODNA) were extracted from the appropriate bacteriophage and purified by the method of Vonder Haar and Umbarger (32 into screw-cap test tubes (16 by 25 mm), and the volume was brought to 1.4 ml with buffer. A 0.175-ml portion of a 2-mg poly(U,G)/ml of solution was added, followed by 0.010 ml of freshly prepared 10% sodium lauroyl sarcosine. The tubes were heated at 90 to 95 C for 2.5 min and were quickly cooled in an ice bath. A 0.3-ml portion of 0.5 M tris(hydroxymethyl)aminomethane-chloride (pH 7.6) was then added to each tube, followed by approximately 7.2 ml of saturated CsCl (optical grade). The refractive index of each solution was adjusted to n = 1.4035 (if necessary) by adding water or solid CsCl. The denatured DNA solutions were centrifuged in a Ti5O rotor in a Beckman model L-2 ultracentrifuge for at least 40 h at 37,000 rpm. After centrifugation, 12 drop fractions were collected with an Isco density gradient fractionator. The A2*0 nm of each fraction was determined after addition of 0.2 ml of 2 x SSC solution (SSC = 0.15 M NaCl, 0.015 M sodium citrate). A typical gradient showing the separation of the I and r strands of Xh80dilv DNA and Xh8O DNA is presented in Fig. 1 . After fractions containing the separated strands were pooled, hydrolysis of poly(U,G), dialysis, and reannealing of contaminating strands were as described previously (14) .
In vitro transcription of Xh8Odilv DNA. The coupled transcription-translation system of Zubay et al. (37) (14) except that the total volume of the hybridization mixture was increased to 0.25 ml.
Competition-hybridization experiments were performed with nitrocellulose filters containing nonsaturating levels of either I or r strand Xh8Odilv DNA. Filters were prepared as described by Gillespie and Spiegelman (10) . Unlabeled RNA for competition was extracted from strains CU5002 and CU344 by a modification (R. A. Vonder Haar, Ph.D. thesis, Purdue University, W. Lafayette, Ind., 1974) of the procedure of Okamoto et al. (25) .
In vitro protein synthesis with Xh80dilv DNA as template. Reaction mixtures (0.1 ml) were prepared as for the coupled transcription-translation system except that ['H ]CTP was replaced by unlabeled CTP and unlabeled valine substituted with [4C Jvaline (2 C1i/Mumol). Reactions were initiated as previously described and allowed to proceed for the indicated time. Reactions were terminated by addition of 3 ml of cold 5% trichloroacetic acid. The resulting precipitates were heated for 10 min at 95 to 100 C and then chilled at 0 C for 15 min. The precipitates were collected by filtration through membrane filters (0.45 Mm) and were washed with 10 ml of cold 5% trichloroacetic acid. The filters were dried and the radioactivity was determined as described for nitrocellulose filters.
Chemicals. Poly(U,G) and RNA polymerase were purchased from Miles Laboratories (Elkhart, Ind. 
RESULTS
General properties of the coupled transcription-translation system. The long-range objectives of this work are to characterize the molecular aspects of multivalent repression of isoleucine-valine biosynthesis in E. coli K-12.
To this end, our initial goal was to develop a DNA-directed, in vitro protein-synthesizing system whereby both transcriptional and translational control mechanisms could be studied. Since the ilvA gene product threonine deaminase has been postulated to be a key regulatory element in isoleucine and valine biosynthesis (see Fig. 2 ) and since the enzyme is readily assayed when present in small amounts, our experiments were designed to detect the in vitro synthesis of this protein. S-30 extracts were prepared from strain CU5136 which contains an ilvA mutation (possibly a deletion of part of the structural gene). Although this strain has virtually undetectable levels of threonine deaminase, the remaining ilv genes in this strain appear to be subject to "normal" patterns of control.
These S-30 extracts were able to stimulate the incorporation of [14C Ivaline into protein when Xh8Odilv DNA was present as template ( Fig. 3) . It is evident that the amount of radioactivity incorporated increased for 30 min and then declined. After 90 min of incubation, only 56% of the acid-precipitable counts present at 30 min were detected. Thus, it would appear that protease activity may be present in such S-30 preparations. Whereas the experiment reported here was performed with S-30 extracts treated with 100 ,g of phenylmethylsulfonylfluoride per ml, a protease inhibitor that binds to serine residues at the active site, similar degradation kinetics were observed when untreated S-30 extracts were used. As shown in The biosynthetic pathways for isoleucine and valine. The enzymes catalyzing the indicated steps are abbreviated as follows: TD, threonine deaminase; AHS, acetohydroxy acid synthetase; IR, acetohydroxy acid isomeroreductase; DH, dihydroxyacid dehydrase; TRB, transaminase B. All the enzymes except threonine deaminase catalyze corresponding steps in the valine and isoleucine pathways. Threonine deaminase is specific for the isoleucine pathway alone. The broken lines indicate the structural genes in the ilv gene cluster that specify the respective enzymes. Gene loci (ilvO and ilvP) are repression-recognition sites controlling the expression of genes ADE and gene B, respectively. The gene order shown is the reverse (that is, left to right is counterclockwise) of the way it is usually represented on the E. coli chromosome map. Adapted from Ramakrishnan and Adelberg (26 Table 2 indicate that nearly 30% of the total ilv-specific mRNA product was complementary to the I strand. Thus, the majority of the ilv-specific mRNA was transcribed from the r (incorrect) strand. These results can be contrasted to the lac-specific mRNA in vitro-synthesizing system where, in the presence of cyclic adenosine 3',5'-monophosphate, virtually no incorrect lacspecific mRNA was made (6) . However, in a coupled transcription-translation system similar to that used in this laboratory, the amount of trp-specific mRNA made from the correct strand varied with the trp DNA template used (36) .
In vitro transcription from Xh8Odilv DNA with purified RNA polymerase. The relatively low percentage of ilv-specific mRNA synthesized from the I strand might be accounted for by several possibilities: (i) "read-through" into the incorrect ilv region was occurring; (ii) a component needed to initiate ilv-specific mRNA transcription from the I strand was Fig. 4 legend. The concentration of DNA was 160 Mg/ml. Hybridizations to the separate I and r strands used at saturating concentrations was as described previously (14) .
VOL. 120, 1974 lacking in the S-30 extract; (iii) repression of ilv-specific transcription from the I strand was occurring; or (iv) a combination of the above. Consequently, we examined ilv-specific mRNA synthesis in a highly purified system where the only protein present was RNA polymerase. The results summarized in Table 3 show that significantly more [3H ]RNA hybridizable to ilv DNA was made in this system than in the coupled system. However, this stimulation was due entirely to increased transcription from the r strand. Data obtained by hybridization to either single-or double-stranded Xh8Odilv DNA immobilized on nitrocellulose filters indicated that twofold more ilv-specific mRNA was made in the purified system than in the coupled system (not shown). These results suggest that correct strand ilv-specific transcription from the I strand was not repressed by any component(s) in the coupled system. However, it does not rule out the possibility that some factor required for the initiation of transcription from the 1 strand may be lacking or absent in either system. To ascertain this, and to determine whether the majority of incorrect ilv-specific mRNA results from read-through from a phage promoter, we have investigated the kinetics of ilv-specific mRNA formation from both strands to determine whether there are multiple sites of initiation.
The results shown in Fig. 7 indicate that the time-course of both incorrect and correct ilvspecific mRNA synthesis was very similar to that of total mRNA synthesis. Two minutes after the addition of S-30 extract, 41.3% of the maximum trichloroacetic acid-precipitable [3H ]RNA was detected as compared with 40 and 52% of the maximum hybridizable correct and incorrect ilv-specific mRNA, respectively. These data indicate that ilv-specific transcrip- Table 2. tion was initiated within, or very close to, the ilv region. The experiment reported here was performed with S-30 extracts prepared from strain CU344 which exhibit the same capacity to synthesize ilv-specific mRNA as those prepared from strain CU5136 (Table 4) . Competition-hybridization. To show conclusively that ilv-specific mRNA was being detected, competition-hybridization experiments were performed. These experiments employed filters containing either the I or r strand of Xh8Odilv DNA. Strain CU5002 was used as the source of the S-30 extract since such extracts synthesize more total ilv-specific mRNA from Xh80dilv DNA than do extracts prepared from strain CU5136 (see Table 4 ). However, the percentage of correct ilv-specific mRNA is still about 30%. As one source of competitor RNA, strain CU5002 was grown in glucose-minimal medium (14) The results of the competition-hybridization experiments are shown in Fig. 8 . It is evident that RNA from strain CU5002 competed effectively with correct ilv-specific mRNA but less well with incorrect ilv-specific mRNA. These results may be contrasted with those obtained when RNA extracted from strain CU344 was used as competitor. At the RNA concentrations employed, essentially no competition with either type of ilv-specific mRNA could be observed. These results are consistent with the premise that [3H ]RNA specifically hybridizable to the 1 strand of Xh80dilv DNA is largely ilv-specific. Only RNA extracted from strain CU5002 competed with incorrect ilv-specific mRNA; this may have resulted from the formation of duplexes between correct and incorrect ilv-specific mRNA transcripts synthesized in vivo and in vitro, respectively. Thus, fewer DNA-RNA hybrids would have been formed.
Effect of omission of amino acids or tRNA on the synthesis of ilv mRNA. In vivo, the regulation of branched-chain amino acid biosynthesis in E. coli K-12 is exerted through a multivalent repression process that requires isoleucine, leucine, and valine (9) . It was of interest to determine whether the low level of ilv-specific transcription from the I strand was due to a physiological repression mechanism operative in vitro under the conditions required for coupled synthesis. The absence of such repression was indirectly confirmed from the data in Table 3 ['HJRNA was prepared as described in the Fig. 6 legend except that the concentration of [3H]CTP was reduced to 0.055 mM with a specific activity of 4.5 Ci/mmol. In addition, strain CU5002 served as source of S-30 extract. Competitionhybridization reactions were performed with nonsaturating levels of l and r strand Xh8Odilv DNA in the presence of increasing amounts of unlabeled RNA extracted from strains CU344 and CU5002, grown as described in the text. The percentage of competition was calculated as described by Nissley et al. (24) . Symbols: *, and 0, percentage of competition employing I and r strands of Xh8Odilv DNA, respectively, in the presence of RNA extracted from strain CU5002; A, and A, percentage of competition employing I and r strands of Ah8Odilv DNA, respectively, in the presence of RNA extracted from strain CU344.
carried out in the absence of only valine or of all added amino acids. In addition, bulk E. coli tRNA was also omitted since charged isoleucyl- (16, 29) , valyl- (8), and leucyl- (1, 20) tRNA may participate in the regulation of the ilv gene cluster. Since omission of either one or all amino acids should prevent in vitro protein synthesis, chloramphenicol was added to one sample containing an otherwise complete reaction mixture to serve as a control. The results shown in Table  5 demonstrate that an in vivo type of multivalent repression process was not evident in vitro since the amount of total ilv-specific mRNA was comparable in all samples. It is presumed that the percentage of I strand transcription was not affected by either amino acid deprivation or tRNA omission, although this has not been directly tested. It should be emphasized that the elements involved in multivalent repression of isoleucine-valine biosynthesis have not been precisely defined in vivo. Indeed, it has not been possible to recognize the existence of a "JacobMonod type" repressor. Thus, there is no a priori basis to believe that the conditions of coupled transcription-translation should be 4 legend, in 0.25-ml reaction mixtures modified as indicated.
equivalent to those required for multivalent repression. However, these data along with those on Fig. 7 indicate that the coupled system as described can be utilized to screen for regulatory molecules affecting expression of the ilv gene cluster. Effect of S-30 extracts prepared from strains CU5136, CU344, and CU5002 on ilv transcription. In the past, experiments have been reported supporting the view that threonine deaminase functions as a negative (4, 15, 33) or positive (19) regulatory element in isoleucine and valine biosynthesis, and that in its complete absence, a normal multivalent repression is still exerted over at least two genes in the cluster (18) . We were, therefore, interested in determining whether S-30 extracts prepared from strains possessing altered functions of the ilvA gene showed altered ilv-specific transcription in vitro. The S-30 extracts examined were prepared from strains CU5136 and CU344 (containing the ilvDAC deletion), and CU5002 (containing an apparently normal ilvA product and isogenic to strain CU5136). In addition, strain CU5002 is azaleucine-resistant, allowing threonine deaminase to be constitutively expressed at a derepressed level (7) . The data in Table 4 show that S-30 extracts of strains CU5136 and CU344 synthesized equivalent levels of total ilv-specific mRNA. However, S-30 extracts of strain CU5002 synthesized twice as much ilvspecific mRNA than either of the other preparations. Preliminary data indicate that ilvspecific transcription was increased from both strands. The basis of this difference is not yet clear. Recently, the effect of purified threonine deaminase on ilv-specific transcription has been determined. The results indicate that the purified protein by itself does not alter the amount of total ilv-specific mRNA made in vitro by S-30 extracts of the ilvDAC deletion strain CU344 (D. E. Smolin, G. W. Hatfield, and H. E. Umbarger, unpublished observations).
DISCUSSION
The results presented in this report demonstrate the in vitro synthesis of ilv-specific mRNA by S-30 extracts of E. coli K-12. The coupled transcription-translation system described here should eventually offer the opportunity to investigate the molecular mechanism(s) of regulation of branched-chain amino acid biosynthesis in E. coli K-12.
In this system, ilv-specific mRNA has been detected and measured by hybridization to denatured double-stranded Xh80dilv DNA and to its separate l and r strands. Filter hybridizations reveal that slightly more than 6% of the total [3H ]RNA synthesized by S-30 extracts of strain CU5136 was ilv-specific. However, a value greater than 10% was observed when the hybridizations were performed in liquid to the single strands. The reason for this discrepancy is not clear, and it is doubtful that limiting amounts of the 1 and r strands of Xh80 DNA were employed, since other experiments revealed that the amount used could hybridize about fourfold more [3H ]RNA of the same specific activity. The hybridization experiments with the I and r strands indicated that only 30% of the total ilv-specific mRNA was transcribed from the I (correct) strand. The competitionhybridization experiments (Fig. 8) show that ilv-specific mRNA complementary to the l strand of Xh80diIv DNA could be effectively competed with by unlabeled RNA extracted from the ilv derepressed strain CU5002 but not by RNA from the ilvDAC deletion strain CU344. This is positive evidence that ilvspecific mRNA transcribed from the l strand in vitro is qualitatively very similar to that made in vivo. However, unlabeled RNA from strain CU5002 competed with approximately 30% of the ilv-specific mRNA that hybridized to the r strand of Xh80dilv DNA. This may be a consequence of RNA-RNA duplex formation between complementary ilv-specific mRNA transcripts since in vivo essentially no ilv-specific mRNA can be found to hybridize to the r strand of Xh80dilv DNA in either wild-type E. coli K-12 or in strains physiologically derepressed for ilvspecific mRNA synthesis (R. A. Vonder Haar, Ph.D. thesis).
Under the conditions employed for transcription in the coupled system, 70% of the ilvspecific mRNA was transcribed from the r strain. However, it is unlikely that ilv-specific transcription from both strands is initiated at an outside phage promoter (Fig. 7) . Zalkin et al. (36) have reported that nearly 66% of trpspecific mRNA made in vitro from Xh8OptrpEDCBA 190-9 DNA by trpR S-30 extracts was transcribed from the incorrect strand. These results can be contrasted to less than 10% incorrect trp transcription employing the same extracts but with 080ptrpEDCBA 190 DNA as template. The basis for this difference in transcription specificity is not understood.
At the present time, it appears that in the coupled system, the limited amount of ilvspecific transcription from the I strand by extracts of strain CU5136 is not due to multivalent repression by the components of the coupled system since the amount of total ilv-specific transcription was not altered by omission of either valine, all 20 amino acids, tRNA, or tRNA and all 20 amino acids. These conditions would have prevented the generation of a multivalent repression signal for ilv regulation. It is known that the ilv gene cluster carried on Xh8Odilv is subject to ilv regulatory control while in the lysogenic state and not to one that is phage directed (unpublished observations). Thus, it would appear that the site(s) on the DNA required for a repression mechanism to function are present on the Ah8Odilv DNA, but it should be pointed out that repression would not be evident if ilv-specific transcription were initiated at some site other than at an authentic ilv promoter.
When strain CU5002 was used as source of S-30 extract, total ilv-specific mRNA was stimulated about twofold. Preliminary data indicate that ilv-specific transcription from both strands is increased. Since strains CU5136 and CU5002 are isogenic except for the ilv region, it is possible that some product of the ilv gene cluster present in the S-30 extract of strain CU5002 is responsible for this effect. In fact, Levinthal et al. (19) have proposed that threonine deaminase, the product of the ilvA gene, functions as a positive control element for isoleucine and valine biosynthesis. Since of the strains used as source of S-30 extract only strain CU5002 has a functional (and derepressed) ilvA gene, the greater amount of ilv-specific transcription by this S-30 extract than by the others may be an effect of the ilvA gene. However, as already mentioned, purified threonine deaminase did not affect the extent of ilv-specific transcription with S-30 extracts of strain CU344. Furthermore, the in vivo control over the ilv gene products (lying outside the ilvDACJ15 deletion) in strain CU344 is "normal" (18) .
The coupled transcription-translation system as employed in this study was designed to approximate the physiological state of the intact cell. If in such a subcellular system the formation of a distinct species of mRNA and a functional protein can both be monitored, then the molecular nature of regulation can be analyzed simultaneously at the transcriptional and translational levels. Although we have been unable to demonstrate the synthesis of threonine deaminase in our system, the analysis of ilv-specific in vitro transcription products as described here may be a useful tool for the detection of regulatory elements involved in the expression of the ilv gene cluster.
